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ABSTRACT
1B

A CRISPR/Cas9 Tissue Specific Forward Genetic
Screening Method in Danio rerio
Joshua Don Yates
Department of Physiology and Developmental Biology, BYU
Master of Science
Many of the cutting-edge innovations on the CRISPR/Cas9 system involve the use of
complex sgRNA libraries. For example, such libraries have recently been used in functional
genomics applications to screen for specific genes in both cell lines and living organisms, as well
as in subcellular imaging to fluorescently label chromatin in living cells. However, chemically
synthesizing customized libraries can be cost prohibitive, requires precise genomic information,
and can takes several weeks. We developed a rapid and efficient enzymatic method to generate
sgRNA libraries from arbitrary DNA substrates, significantly reducing the cost of library
generation. A type IIS restriction enzyme binding site was incorporated directly into the sgRNA
scaffold sequence without affecting the catalytic properties of the Cas9 complex, resulting in a
simple method that generates high fidelity sgRNA libraries. Additionally, the library is
constructed on the surface of streptavidin coated magnetic beads and a strand displacing
polymerase is used to elute DNA from the beads, reducing the loss of material and simplifying
purification between steps. We used this method to generate two sgRNA libraries. The first
targets the entire E. coli genome, and the second targets genes expressed in the developing
zebrafish heart. This second library will be used in a forward genetic screen in zebrafish to
identify genes underlying heart defects. These complex sgRNA libraries show the utility of the
method in generating libraries from DNA from any species, ranging from prokaryotes like
bacteria, to eukaryotes including plants and animals.
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INTRODUCTION
Background
Gene Function in the Developing Zebrafish Heart
Heart development is a dynamic process. The adult zebrafish heart contains two
chambers separated by a single valve. The outer layer of the heart, called the epicardium,
functions as a protective layer. The middle, known as the myocardium, is composed of muscle
cells called myocardial cells. These cells provide the ability of the heart to contract and force
blood throughout the body of the organism. The inner layer of the heart, or endocardium, is
composed of endothelial-like cells which create a smooth, watertight lining and reduces friction
as blood cells pass through the heart (Stainier, 2001).
The development of the structures in the zebrafish heart requires the careful coordination
of many cells. During early embryogenesis, a group of cells in the lateral plate mesoderm of the
embryo will become specified to become endocardial and myocardial precursors. These cells
will then migrate and converge at the midline to form a linear heart tube. Once the tube is
formed, it will start contracting and blood will begin to circulate. The heart tube then goes
through a looping process in which the tube bends to form an S shaped structure and bulges out
at the two turning points to form the atrium and ventricle. The constricted region between the
two chambers is known as the atrioventricular canal or AVC. Additional endocardial cells will
migrate to the AVC and eventually form the valve of the heart (Stainier, 2001).
Although the zebrafish (Danio rerio) heart is somewhat simpler than the human heart, the
same basic cellular and molecular processes are conserved between the two species, including
the coordination of many genes during heart development (Bakkers, 2011). For example,
mutations in the zebrafish gene nkx2.5 lead to heart defects in zebrafish. Mutations in the human
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version of this gene also lead to congenital heart defects (CHDs) in humans. Therefore, the
identification of genes important to heart development in zebrafish directly contributes to our
understanding of human heart defects.
Gene Discovery Through Forward Genetic Screening
Forward genetic screening has been an indispensable technique in developmental biology
because it allows researchers to discover the genes underlying developmental processes of
interest. In this technique, genes are generally mutated at random using chemical mutagenesis.
Mating schemes are then employed to breed mutations to homozygosity. Organisms are then
screened to identify defects in a tissue or structure. The mutated genes that are responsible for
that defect can then be identified and studied further (Patton and Zon, 2001).
In a typical screen, the DNA of a male organism is mutated using a chemical that causes
single base pair mutations. This male is then mated with a wild type female to produce offspring
in an F1 generation, producing offspring that are heterozygous carriers for many different
mutations. The F1 generation is mated to a wild type organism in order to dilute the number of
mutations carried by each individual in an F2 generation. Finally, members of the F2 generation
are incrossed to create an F3 generation that carry homozygous mutant alleles (Patton and Zon,
2001).
The F3 generation is then screened by the researcher to identify organisms that have a
particular trait. The location of the gene can then be determined by principles of genetic
recombination and mapping, or by using modern genomic and bioinformatic techniques.
Finally, after the physical location of the gene within the genome is discovered, the function of
that particular gene can be studied using a variety of molecular biology techniques (Patton and
Zon, 2001).
2

The first large forward genetic screens were carried out in Saccharomyces cerevisiae and
Drosophila melanogaster and lead to the discovery of many important genes including those
needed for proper segmentation of the Drosophila embryo (Nüsslein-Volhard and Wieschaus,
1980). These screening methods have since been used in other plant and animal models
including the zebrafish, mouse, and Arabidopsis (Patton et al., 2001).
Zebrafish as a Model for Heart Development
Because of its unique features as a model organism, the zebrafish is an excellent model
for use in high throughput forward genetic screens attempting to discover the genes driving
developmental processes in the heart (Bakkers, 2001). Zebrafish can be mated every week and
can lay 30-100 eggs in a single clutch which can then be hatched out and raised in 96 well plates.
Zebrafish embryogenesis is external, allowing detailed visualization of developmental processes
at any point in time. Additionally, transgenic zebrafish expressing fluorescent markers in the
heart make advanced microscopy techniques possible to easily detect defects in heart
development. Zebrafish can also survive through most stages of embryonic development without
a functioning cardiovascular system. Finally, the zebrafish genome has been sequenced and
many genes have been annotated, helping in the process of genetically mapping and
characterizing mutations of interest.
Large forward genetic screening in the zebrafish has led to the identification of many
mutations in different genes that cause congenital heart defects (CHDs) (Haffter et al., 1996;
Stainier, 2001; Brown et al., 2016) and genes involved in human cardiovascular development
and disease (Tu and Chi, 2012). However, the low rediscovery rate of heart genes in these
screens indicates that the vast majority of genes responsible for developmental processes in the
heart have not yet been identified or characterized (Beis et al., 2005). This could be due to the
3

fact that carrying out a large forward genetic screen is a very slow and labor-intensive process
(Hill et al., 2013).
Current screening techniques use the mutagen N-ethyl N-nitrosourea (ENU) to randomly
create single nucleotide substitutions in genomic loci. Fish exposed to ENU are mated and the
resulting embryos are visually screened for cardiovascular defects. The mutations causing these
defects must then be genetically mapped to genomic loci, and individual genes can be further
analyzed to determine their exact function in the developing heart. Because of its indiscriminate
nature, the majority of mutations that result from exposure to ENU occur in genomic regions not
related to the phenotype of interest. Thus, a significant number of embryos must be inspected
before a single mutant of interest is identified. One study reported that it took 165 crosses to
produce a single cardiovascular mutant. Furthermore, the process of genetically mapping a
mutation in the F3 generation requires many more fish to carry out the crosses necessary to map
the mutated locus. For these reasons, forward genetic screening is cumbersome and its use has
been limited to large laboratories. The ability of smaller labs to carry out forward genetic screens
would accelerate the identification and characterization of many developmental genes (Beis et
al., 2005).
The Discovery of Cas9
CRISPR/Cas9 technology arose from studies regarding the bacterial immune system in
Streptococcus pyogenes (Barrangou et al., 2007). In order to create a strain of bacteria resistant
to phage, researchers challenged bacteria with a phage, selected resistant bacteria, and submitted
the bacterial DNA for sequencing. It was observed that a region of the genome, known as the
clustered regularly interspaced short palindromic repeats (CRISPR) region, increased in length
and had acquired additional repeated sequences after being challenged by the phage. Analysis of
4

these sequences revealed that the sequences belonged to the phage. Thus, the incorporation of
small fragments of the phage DNA into the bacterial genome appeared to confer phage resistance
to the bacteria when challenged with the same phage a second time.
Research into the mechanism of this process led to the discovery of Cas9, a highly
specific endonuclease which can easily be programmed to cleave DNA at practically any
location (Jinek et al., 2012). In the native system, the CRISPR region is transcribed and spliced
into shorter RNA molecules, known as crRNAs. After being spliced, a single crRNA molecule
can hybridize with another short RNA molecule, called a tracrRNA, to form a tracrRNA:crRNA
duplex. The Cas9 protein can then bind to this RNA duplex to form a ribonucleoprotein (RNP)
complex. It was demonstrated that the two RNA molecules could be transcribed as a single guide
RNA (sgRNA) to facilitate RNA production. The first 18-20 bases of the sgRNA give Cas9 its
specificity by base pairing with a complementary sequence on a DNA molecule. These 18-20
base pairs can be modified to base pair with practically any genomic locus. The only requirement
is that the target DNA sequence, called a protospacer, is followed by the sequence NGG, called a
protospacer adjacent motif (PAM). The last 80 bases of the sgRNA create a secondary structure
to which Cas9 binds. When the 20 base-pair complementary sequence is recognized, Cas9 will
create a blunt, double stranded break in the DNA molecule three nucleotides upstream of the
PAM motif (Jinek et al., 2012, Doudna and Charpentier, 2014).
Cas9 has been used in many model organisms to knock out genes by creating null
mutations in the coding regions of the genes being studied (Ablain et al., 2015). When a double
stranded break occurs in the genomic DNA of an organism, cell repair machinery attempts to
rejoin the fragmented ends by non-homologous end joining (NHEJ). This process results in
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insertions or deletions (INDELs) often resulting in frameshift mutations. Because of its ability to
mutate DNA Cas9 has the potential to be used as a mutagen in screening techniques.
CRISPR/Cas9 Based Genetic Screening in Cell Culture
Current applications of Cas9 in genetic research most often target a single locus using an
individually designed sgRNA (Ablain et al., 2015). However, there is an increasing interest in
creating libraries containing thousands of different sgRNAs targeting large sets of genes (Shalem
et al., 2014). Several labs have been able to create sgRNA libraries that target thousands of genes
in a few model organisms (Shalem et al., 2014, Doenchet al., 2016).
One such library was designed and chemically synthesized to be used in Drosophila cells.
This library was composed of 40,279 different sgRNAs and targeted 13,501 different genes
(Bassett et al., 2015). The library was cloned into a plasmid containing the ubiquitous U6
promoter and a separate expression construct consisting of an actin promoter followed by the
Cas9 mRNA sequence. The plasmid library was then maintained in millions of bacterial
colonies. After recovery of the plasmid library, it was transfected into a Drosophila cell line
which were then screened for cellular phenotypes. The targeting regions of the sgRNA in the
plasmids were sequenced and mutated genes could then be inferred based on the sequence.
Similar screens have been carried out in human cells (Wang et al., 2014), as well as cancer cells
(Hart et al., 2014). Additionally, these sgRNA libraries can be used to study noncoding regions
of the genome such as enhancer elements (Korkmaz et al., 2016). These screens show that
complex sgRNA libraries can be powerful tools in genomic research.

6

Applications of sgRNA Libraries Beyond Genetic Screening
Cas9 is not only a powerful tool for cutting DNA at targeted sites, as it can also be used
to recruit other proteins (Gilbert et al., 2013). This is accomplished by fusing other proteins to
Cas9 and deactivating its endonuclease domains. Fusing other proteins to Cas9 has led to
innovative applications of sgRNA libraries.
One of these applications is the ability to paint a chromosomal locus with a fluorescent
marker (Lane et al., 2015). A bright version of GFP can be fused to a nuclease-deficient dCas9
and an sgRNA library was generated to target a small region of a chromosome. The dCas9-GFP
molecules are complexed with the sgRNA library and the library is injected into living cells. The
fluorescent Cas9 essentially tiles the chromosomal region and can be visualized under a
fluorescent microscope.
Cas9 has also been used to make changes to the epigenome. Proteins that act as activators
or repressors have been fused to Cas9 and have been shown to efficiently upregulate or
downregulate transcription in human and yeast cells (Gilbert et al., 2013). Cas9 has been fused to
proteins that modify histones such as histone demethylases (Kearns et al., 2015). Large scale
epigenetic changes could be made by using an sgRNA library in combination with these
techniques.
CRISPR/Cas9 Screening in a Whole Organism
Although most genetic screens using Cas9 are carried out in cell culture, it, may be
possible to use an sgRNA library on the level of a developing organism. This could be
accomplished using one of several different strategies. First, an sgRNA library targeting the
genome along with Cas9 protein could be delivered to the germline of an organism. After the
germline is mutated, a traditional mating scheme could be set up and mutant would be screened.
7

Using Cas9 over ENU as a mutagen has a distinct advantage: a library could be constructed that
would only target a subset of the genes, making the screen more focused on the genes of interest.
A different approach would be to dilute the sgRNA library into small pools and PCR
amplify the pools. Pools could then be transcribed and injected with Cas9 into a developing
organism. Because Cas9 is able to mutate both alleles in a developing embryo, it could be
possible to see phenotypes in the F0 population, eliminating the establishment of a mating
scheme. When a phenotype is observed, the pool could be sequenced to generate a short list of
candidate genes without requiring genetic mapping. These two advantages would drastically
increase the speed of forward genetic screening.
To carry out a CRISPR/Cas9 based forward genetic screen for heart defects in zebrafish,
an sgRNA library would first need to be generated that targets genes in the developing heart.
Several methods are now available to create custom sgRNA libraries, but each has its own
drawbacks.
Current Methods of sgRNA Library Construction
Library Construction by Chemical Synthesis
There are several different methods currently available to chemically synthesize DNA
and there are advantages and disadvantages to each (Kosuri & Church, 2014). Most of these use
the same basic chemistry to add nucleotides to a growing DNA polymer. One of the first
methods developed to create a large number of oligonucleotides was array-based technology. In
this process light is used to remove protecting groups to permit the addition of an available
nucleotide. Using this method, different oligos can be synthesized at different locations on a
glass slide. The oligos can then be cleaved off of the glass slide and pooled together.
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Commercially available libraries that will be reused by many researchers have been synthesized
with this method. Although it is expensive, the cost can be distributed across many labs. There
have been some advances to the technology that allows synthesis of custom sgRNA libraries, but
current methods are still cost prohibitive, especially if the library is only needed for a single
experiment.
An Enzymatic Method of sgRNA Library Generation
In an attempt to address the drawbacks associated with chemically synthesizing an
sgRNA library, Lane et al. developed an innovative method for enzymatically generating sgRNA
libraries, called CRISPR EATING (Lane et al., 2015). This method makes use of the type IIS
restriction enzyme MmeI, which cuts 20 base pairs outside of its recognition sequence. Using
this enzyme in conjunction with restriction enzymes that include PAM sites in their recognition
sequences allows for the capture of 20 base-pair sequences of DNA immediately followed by a
PAM in the genomic DNA. A T7 promoter sequence and the sgRNA scaffold sequence can then
be ligated to these fragments and the resulting templates can be transcribed.
Although this method is innovative, it involves a complex set of adapter ligations and
restriction enzyme digestions with extensive purification steps in between. The complete
protocol contains over 20 steps, requires several kits and enzymes, and takes at least 72 hours to
complete (Lane et al., 2015). Due to the complex nature of the protocol, it is hindered by low
yields and frequent failures, and has not been commercialized. Additionally, the library created
by this group was used for fluorescent labeling of genomic DNA. In order for an enzymatically
generated sgRNA library to be used effectively in forward genetic screening, there are still
several hurdles that must be addressed. These include the development of a user-friendly process
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that can produce high fidelity libraries and determining the best practices for using these libraries
in screening.
Development of a Rapid and Efficient Enzymatic Method
We attempted to use the CRISPR EATING method (Lane et al., 2015) to generate an
sgRNA library from normalized zebrafish heart cDNA. This library would only target genes
expressed in the developing heart and could be used to carry out a forward genetic screen for
heart defects in zebrafish. After attempting this method several times, it became clear that the
method was difficult to carry out and was time consuming. Additionally, the original publication
showed that only about half of the expected library was observed (Lane et al., 2015), making it
less attractive for use in a screening application. Thus, we sought to develop an enzymatic
method of constructing an sgRNA library that would be easier to use and would provide better
results.
We developed a DNA adapter that contains the scaffold region of the sgRNA and
modified the sequence to include a type IIS restriction enzyme binding site. We demonstrated
that incorporation of the binding site sequence into the sgRNA does not affect the catalytic
properties of the Cas9 complex. This adapter allowed us to design a rapid process of library
construction that produces high fidelity libraries. In order to simplify the purification and
handling of the library, we constructed the library on the surface of streptavidin coated magnetic
beads. This reduces the loss of material during the process and reduces the amount of starting
material needed. We tested several different methods to elute the library from the beads, and
eventually developed a new method of eluting DNA fragments from beads that employs a strand
displacing polymerase. This method will likely be a useful technique for other applications that
construct DNA fragments on the surface of solid supports. We combined restriction digestion
10

reactions and ligation reactions into single reactions, further increasing the speed and efficiency
of the process.
We used this method to generate an sgRNA library that targets the E. coli genome at high
frequency. Additionally, we normalized heart cDNA from zebrafish and used it as a substrate to
construct an sgRNA library that targets genes specific to the developing heart at 48 hours post
fertilization. This library is being used to carry out a forward genetic screen for heart defects in
the zebrafish that, if successful, will drastically improve the speed and efficiency of gene
discovery, allowing smaller labs to rapidly carry out tissue specific forward genetic screens.
Overall, this method greatly increases the speed and efficiency of enzymatically generating
sgRNA libraries from different DNA sources which will aid in the development of new and
creative applications that make use of sgRNA libraries.
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MATERIALS AND METHODS
Bacterial Genomic DNA Isolation
Genomic DNA from Escherichia coli MG1655 was isolated using the PowerLyzer®
UltraClean® Microbial DNA Isolation Kit from MO BIO Laboratories (now Qiagen). Bacterial
cells were harvested and lysed using glass microbeads. The final product was run on a gel and a
clear band of high molecular weight was observed.
Zebrafish Heart mRNA Isolation
Zebrafish hearts were isolated using a previously established protocol (Burns and
MacRae, 2015). About 200 Tg(myl7:GFP) zebrafish embryos were collected at 48 hours post
fertilization and placed in media containing several drops of tricaine at 4 mg/mL. Embryos were
resuspended in L-15 media with 10% FBS and the tissue of the embryos was disrupted by
passing them through a 19G needle. Intact hearts were isolated under a fluorescent microscope
with a pipette and after being washed were resuspended and homogenized in TRI-Reagent®
(Zymo Research). Zebrafish heart mRNA was purified using the Direct-zol™ RNA Kit
(Zymogen Research).
cDNA Library Synthesis and Normalization
The SMART cDNA Library construction Kit (Clontech) was used to reverse transcribe
the zebrafish heart RNA. An alternative oligonucleotide was used in place of the 5' oligo
provided by the kit that lacked an MspI binding site to prevent gRNA creation to the adapters in
the cDNA library. The cDNA library was then normalized using the Trimmer-2 cDNA
normalization kit (Evrogen). This technique is based on the hybridization kinetics of cDNA. The
cDNA is denatured and after allowing the most abundant transcripts to rehybridize, a double
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stranded nuclease (DSN) from the Red King (Kamchatka) crab is added to digest the double
stranded DNA, effectively normalizing the abundance of each transcript.
sgRNA Library Reagent Preparation
DNA adapters were prepared by resuspending the top and bottom oligos at a final
concentration of 10 μM of each in 1X CutSmart® Buffer. The reaction was then heated to 98°C
for 2 minutes then set to ramp from 85°C to 65°C for 1 hour and finally from 65°C to 8°C for 30
minutes. Capture beads were prepared by resuspending 50 μL of streptavidin coated magnetic
beads in 20 μL of 1X CutSmart® Buffer containing 100 pmol of biotinylated oligo. After
incubating beads at room temperature for 15 minutes, 30 μL of 1X CutSmart® Buffer was added
and the beads were washed twice and placed in a new tube.
sgRNA Transcription
Either the MEGAscript™ T7 Transcription Kit (Thermo Fisher Scientific) or the
HiScribe™ T7 Quick High Yield RNA Synthesis Kit (New England Biolabs) was used to
transcribe the sgRNA templates or sgRNA template libraries. In either case 210-300 ng of the
template was used and incubated at 37°C for 2 hours. DNase I was then added and the reaction
was then incubated for an additional 15 minutes at 37°C. The sgRNA was then purified using
either the RNA Clean & Concentrator-5 Kit (Zymo Research) or by phenol-chloroform
extraction.
Library Sequencing and Analysis
High throughput sequencing was carried out on an Illumina HiSeq 2500. PhiX DNA was
added to each library before sequencing to allow for more diversity during the initial reading
process. Custom scripts were generated to extract the targeting region of each sgRNA template.
13

Because the length of the library was 128 bp but the read length was only 50 bp, about half of the
reads were discarded because they did not contain the targeting sequence. The extracted reads
were then aligned to either the Escherichia coli MG1655 genome or the zebrafish GRCz11
genome. Statistical analysis was then used to determine the coverage of each library.
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RESULTS
Method Design and Overview
The method described here (Figure 1) relies on the modification of the first stem loop of
the sgRNA, known as the Repeat:Anti-Repeat Duplex. This stem loop is formed by the
hybridization of the crRNA and tracrRNA in the native system. If it were possible to incorporate
a type IIS restriction enzyme binding site, such as that of MmeI, into the scaffold region of the
sgRNA, directly after the 20 bp targeting region, without affecting the binding specificity or
endonuclease activity of Cas9, it would allow for the creation of a DNA adapter to be used in a
rapid enzymatic process to generate sgRNA libraries. In order to create a simple method for
generating sgRNA libraries, we attempted to modify the sgRNA scaffold region to include a type
IIS restriction enzyme binding sequence (Figure 2). This modification would permit the use of a
DNA adapter which would simplify the process.
Incorporation of an MmeI Binding Site Directly into the sgRNA Scaffold Region
The Repeat: Anti-repeat Duplex
A previously published analysis of the crystal structure of Cas9 in complex with the
sgRNA revealed that sequence-dependent interactions exist between the Cas9 protein and the
Repeat:AntiRepeat Duplex (Nishimasu et al., 2014). Subsequent mutagenesis experiments in this
same publication showed that the duplex can withstand mutations in some locations, while others
completely abolish the activity of Cas9. Therefore, it was unclear whether the MmeI site could
be incorporated without disrupting important interactions between the RNA and the protein. We
were particularly concerned about changes that would affect the overall structure of the stem
loop. Two important regions include a bulge in the stem loop containing bases that directly
interact with specific amino acids in Cas9 and a wobble base pairing interaction at the base of the
15

Figure 1: Schematic of the Enzymatic Process for Generating sgRNA Libraries. First, DNA from
an arbitrary source (blue) is digested with a restriction enzyme that recognizes the canonical PAM
motif NGG (such as HpaII/MspI, ScrFI, or BsaJI) creating DNA fragments with sticky ends.
Second, a DNA adapter (red) containing the modified sgRNA scaffold region (Figure 2) is
ligated to the ends of the DNA fragments. Third, ligation products are digested with MmeI to
capture 18 bp upstream of the scaffold region. Fourth, a second DNA adapter (green) containing
the T7 promoter sequence is ligated to the digested fragments. During this process, the library is
attached to magnetic beads coated with a capture oligo by incubation at room temperature. The
library can then be washed to remove unwanted DNA fragments, enzymes, and buffers. A strand
displacing polymerase, such as Bst 3.0, is used to repair nicks and elute final product from beads.
The final library can then be transcribed or cloned into plasmids for downstream applications
(The top strands are displayed in the 3' to 5' direction).

stem loop. Thus, during the design of the modified sgRNA, we attempted to incorporate an
MmeI binding site by making minimal mutations to relevant nucleotide residues on each side of
the Repeat:Anti-Repeat Duplex in order to maintain the base pairing in the stem loop and
preserve its sequence and structure as far as possible.
Relevant nucleotide residues on each side of the Repeat:Anti-Repeat Duplex were
mutated to maintain the base pairing of nucleotide residues in the stem loop and the functionality
of the modified sgRNA was tested by comparing the cutting efficiency with that of the standard
sgRNA using an in vitro cutting assay (Figure 2). A modified and standard sgRNA were
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B

Figure 2: Incorporation of an MmeI Binding Site into the sgRNA Scaffold Region. (A)

Modifications to the Repeat:Anti-Repeat Duplex resulting in a single MmeI site that cuts
18-20 bp upstream of the scaffold sequence. Mutations are shown in red. The MmeI
binding sites are shown in dark gray boxes. The MmeI cut site is represented with a
triangle. (B) In vitro digestion of a 1653 bp DNA fragment with Cas9 complexed with
each of these modified sgRNAs. The binding specificity or endonuclease activity of Cas9
is retained despite the modifications in the stem-loop.
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designed to target a 1653 bp DNA fragment generated using PCR. The sgRNAs were then
complexed with the Cas9 protein, and an in vitro digestion of the DNA fragment was carried out.
Fortunately, the in vitro digestion showed that the functional capacity of Cas9 was retained, and
therefore a DNA adapter could be designed to use in the process depicted in Figure 1.
Shifting the Binding Site to Increasing Ligation Efficiency
Positioning the MmeI site at the end of the stem loop would require the scaffold adapter
to be ligated to blunt DNA substrates. Although blunt-ended adapters are often used in library
preparation processes, blunt ligations are less efficient than sticky ended ligations and can be
problematic in the ligation of long DNA fragments. Using blunt ligations would also require an
additional step between steps 1 and 2 to blunt the input DNA after initial digestion, as the
enzymes used to cut at PAM sites in step one of our process leave two base pair overhangs
(Figure 1). We therefore attempted to shift the MmeI binding site downstream, which would
permit the use of an adapter with a two base-pair overhang to increase ligation efficiency and
eliminate the need for a problematic blunting step in the previously published enzymatic method
(Lane et al., 2015).
Shifting the site by two nucleotides, as opposed to one, avoided mutations in the bulge of
the duplex. When analyzing the protein-RNA contacts in the Cas9 complex, the bulge appeared
to be an especially problematic region when considering putative nucleotides to mutate. The twonucleotide shift would result in 19/20 bp targeting regions with a potential, single guanine
residue mismatch incorporated during T7 transcription (Figure 2A - MmeI scaffold 18 nt).
Although having the mismatch is not ideal, it has been shown that the targeting region of an
sgRNA can be shorted to 17 bases and include up to 2 Guanine mismatches on the end without
decreasing the targeting efficiency of Cas9 (Zhang et al., 2016). If the mismatched G turned out
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to be problematic, it could possibly be removed by including a self-cleaving ribozyme sequence,
such as that of the hammerhead sequence (Lee et al. 2016), before the sgRNA sequence.
In order to create a sticky ended adapter that would be compatible with the overhang
created by HpaII or MspI digestion, the G at position 21 was changed to a C. This modification
resulted in the loss of the G:U wobble base pairing interaction, being changed to C:U. The
G21:U50 at the three-way junction is highly conserved among the repeat:anti-repeat duplexes in
the type II-A–C systems (Nishimasu et al., 2014). Despite these observations, we proceeded to
make these changes and an were able to show, via in vitro digestion (Figure 2B - MmeI scaffold
18 nt), that the enzymatic activity of Cas9 was not negatively impacted when complexed with
this second modified sgRNA, indicating that the Repeat:Anti-Repeat Duplex can withstand these
mutations. Making these modifications to the duplex enables the design of a DNA adapter that
can be used in a sleek process that has very few enzymatic steps. In addition to increasing the
speed and efficiency of the process, limiting the number digestion steps increases the genomic
coverage and fidelity of the final library.
Nicked Ligation Products and Nick Repair
The scaffold adapter was originally phosphorylated in order to ligate it to the fragments
generated in the first step of the process. However, we noticed that this would allow the adapters
to ligate to themselves, resulting in a library that included sgRNA templates that contained the
adapter sequence in the targeting region of the sgRNA. In order for T4 DNA ligase to catalyze
the formation of a phosphodiester bond, a phosphate group must be present on the 5' end of the
DNA. We therefore removed the phosphate on the adapter to prevent it from ligating to other
adapters. Because restriction digestions precede ligations in the process, resulting in the exposure
of a 5' phosphate, it was possible that ligation could still take place between the
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unphosphorylated adapter and the digested DNA. This ligation would result in a bond on the
phosphorylated strand and a missing bond on the unphosphorylated strand, called a nick. We
were able to demonstrate that the ligation reaction can still take place even if a single phosphate
group is present on only one of the double stranded DNA fragments. Therefore, the adapter
could still be ligated to the fragments without ligating to other adapters.
It was unclear if the MmeI restriction enzyme would be able to cut across the nick that
resulted because of the missing phosphate group, but in vitro digestion showed that it cuts across
this nick with high efficiency. Surprisingly, we found shorter DNA fragments in our initial runs
that contained the sequences of both the T7 adapter and the scaffold adapter as if the adapters
had ligated to one another. Apparently, MmeI can bind and cut DNA fragments that are
transiently bound by a two-base pair sticky end (data not shown). We increased the ratio of the
DNA input to the adapter to 2:1 in order to make this contact less likely and found that the
shorter library product decreased below detectable levels.
To transcribe the sgRNA, the nicks must first be repaired. T4 polynucleotide kinase has
little activity on nicked DNA substrates, so the nicks could not simply be sealed by
phosphorylation and ligation. We therefore looked at other methods. One of the components in
the PreCR® Repair Mix from NEB is a DNA polymerase with strand displacing activity. It can
be used to repair nicks by starting DNA elongation at the nick and displacing the nicked strand
while it is extending. By deciding which strands would be phosphorylated during the process,
using either addition or removal of a phosphate group, we placed the nicks in positions that
would allow nick repair using a strand displacing polymerase. We incubated the final library
with the DNA polymerase Bst 3.0 and dNTPs and demonstrated that it could repair the nicks in
the library. The polymerase has full activity at 65°C and 75% activity at 45°C. Because the
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overlap holding the library fragments at this point are only 18 bp long, we incubated the beads at
45°C to prevent the fragments from coming apart. The strand displacing polymerase phi29 works
at lower temperatures and could also be used to displace the library, although the displacement
activity of this polymerase is not as high. The single stranded fragments left after this process
can then be removed using standard methods.
Polyethylene Glycol (PEG) as a Molecular Crowding Agent
The speed and efficiency of the ligation steps were also an important consideration when
developing our method. It has been shown that polyethylene glycol (PEG) can be used to speed
up enzymatic reactions, but can also decrease the enzymatic activity of some enzymes
(Zimmerman and Pheiffer, 1983). T4 ligase has been shown to increase its activity when a
macromolecular crowding reagent such as PEG is used. By using a buffer with a final
concentration of 7.5% PEG 6000 and using a high concentration of both T4 DNA ligase and
ATP we were able to increase the speed and efficiency of these ligation reactions
The other enzymes we used were also tested to determine their activity in response to the
molecular crowding reagent used. The enzymatic activity of MspI did not change based on
visualization of digested DNA on a gel (data not shown). However, the activity of MmeI is
reduced. Therefore, MspI can function in the same buffer used for ligation, but it is better if the
buffer is changed before digestion with MmeI is carried out.
Simplified and Improved Method of sgRNA Template Purification
Construction of the Library on the Surface Magnetic Beads
To simplify the purification and handling of the sgRNA library during construction, we
decided to construct the library on the surface of streptavidin coated magnetic beads. Magnetic
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beads with a poly-T oligonucleotide can be used to capture mRNA in the preparation of cDNA.
Some methods for building out strands of DNA on magnetic beads have also been published
(Pengpumkiat et al., 2016) and magnetic beads also have liquid-phase like reaction kinetics. We
therefore thought that it would be possible to construct our library using these beads.
We calculated that 50 uL of streptavidin magnetic beads could bind about 100 pmol of
biotinylated DNA. Different biotinylated oligos were synthesized and the binding capacity of the
beads was tested in both the recommended binding buffer as well as CutSmart® buffer. There
was little difference between the two buffers when attaching the oligos to the beads. Double
stranded DNA adapters that include a single biotin molecule were also attached to the beads. All
of the different schemes of attaching the library to the beads we tested were shown to be
effective.
Digestion of the library with MmeI was initially attempted before attachment to the
beads. However, there was little cleavage, likely due to the low turnover rate of MmeI. There are
naturally occurring MmeI bindings sites in the substrate DNA that MmeI could bind to. Because
we used a 2:1 ratio of DNA substrate to adapter, these sites would be abundant. We therefore
attached the library to the beads and purified the products before digesting with MmeI. Although
an alternative approach would be to increase the concentration of MmeI, this method allowed the
substrates to be purified before cutting and allowed the buffer to be exchanged for a buffer
optimized for the endonuclease activity of MmeI.
Library Displacement from the Solid Support
Magnetic beads have been used in biological reactions as a solid support to facilitate
postreaction cleanup, buffer exchange, and enzyme removal. Oligonucleotides can be attached to
solid supports using several different methods, but removal from the beads is often desired for
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downstream applications. Because of problems with removal of the library from the beads using
UV light, we tried of other methods of detaching the library.
One method would be to simply use a restriction enzyme to cleave the DNA. However,
increasing the number of enzymes could potentially reduce the overall complexity of the library
as they would occasionally target the genomic protospacers. This could be mitigated by using
extremely rare cutting enzymes (e.g. meganucleases). Chemical methods were also considered,
but this would require a separate buffer and it was unclear whether the altered conditions would
damage the library. It could be possible to add the beads to a PCR reaction, but because the
library contained nicks, heating the library would result in the library fragments separating and
incorrect amplification products would be generated. Furthermore, depending on the fidelity of
the polymerase, PCR could increase the number of mutations in the final library. Finally,
antibody methods are available, but they can be expensive.
The first method we attempted was to use a photo-cleavable biotin moiety attached to the
scaffold adapter. This biotin moiety has been synthesized previously and can be attached to the 5'
end of an oligonucleotide. Upon irradiation with ultraviolet light, the biotin is cleaved from the
oligo and leaves the oligo with a phosphorylated 5' end (Figure 3). We found that in a clear
solution, the biotin could easily be cleaved with the UV light. However, when attached to
magnetic beads, only a small fraction of the biotin was actually cleaved, likely due to the opacity
of the beads interfering with passage of light to the photocleavable moiety. Using agarose beads
could have solved this problem, but the handling capabilities of the magnetic beads are very
convenient and can easily be incorporated into automated processes.
An interesting approach we attempted was to displace the library from the beads using a
short oligo. DNA nanotechnology applications can use strand displacement reactions to construct
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Figure 3: Mechanism of a Photocleavable Biotin Moiety. This biotin moiety can be attached to
the 5' end of an oligonucleotide. The reaction mechanism is shown that results in the cleavage of
the biotin from the oligo. The final product is an oligonucleotide with a phosphorylated 5' end
(from: Photo-Cleavable Modifiers and Their use with Oligonucleotides, McKeen, 2015).

3 dimensional structures (Ijäs et al., 2018). Strand displacement reactions can also be used to
build logical circuits and therefore carry out mathematical calculations (Jiang et al., 2019). This
is based on a molecular mechanism called toehold-mediated strand displacement. A toehold is a
short, single stranded overhang on a DNA duplex. When a third oligonucleotide is added that is
complementary not only to the duplex, but the toehold as well, this oligo can displace the shorter
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oligo of the duplex. We designed an adapter that could be captured by a short biotinylated oligo
through hybridization and then displaced by another short oligo. However, as described below,
realized that the strand could be displaced by the Bst 3.0 polymerase already being used to repair
nicks in the library, and this technique was abandoned.
The strand displacing polymerase Bst 3.0 has high displacement activity and can extend
DNA at nicks, displacing the strand as it fills in the template. Because there was a nick in the
DNA where the capture oligo hybridized during the capture of the library (Figure 1), the Bst
polymerase should be able to displace the capture oligo and fill in the gap at the same time,
essentially eluting the library from the beads. We are not aware of this being done preciously. An
adapter was designed with a 19 bp overhang with a melting temperature of approximately 50°C
that could hybridize to the short biotinylated capture oligo attached to the beads. The adapter can
then be attached to the beads by simply incubating at room temperature with the capture beads.
Incubating the beads with Bst 3.0 can elongate the DNA at the nick and displace the library from
the beads. Because the polymerase extends the DNA to the end of the fragment, this reaction is
not reversible and the library remains detached from the beads. This technique can potentially be
used with other strand-displacing enzymes in addition to Bst3.0. Therefore, polymerase
dependent strand displacement can be used to irreversibly elute oligonucleotides from solid
supports, creating complete, double-stranded DNA in the process.
We also tested if the adapters would still hybridize to the beads in the presence of PEG. It
has been shown that DNA actually hybridizes better in PEG and our experiments show that
hybridization of the adapter to the beads takes place in 7.5% PEG when resuspended well. It is
therefore possible to carry out ligations in PEG and subsequently hybridize the DNA to the
beads.
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MmeI Cuts Across Sticky Ends
An unexpected result was that MmeI can cut across sticky ends. When the final library is
run on a gel, we expect to see a band at approximately 128 bp. However, we also saw a smaller
band just below 100 base pairs, suggesting that there was residual scaffold adapter in the final
library. To resolve this problem, we decided it should be possible to selectively digest this
second band with an exonuclease by protecting the final library. It has been shown that the
presence of 6 consecutive phosphorothioates in place of phosphates of the 5' end of an
oligonucleotide can effectively block digestion by lambda exonuclease (Eckstein and Gish,
2018). Adapters were thus generated that contained phosphorothioates on the outside 5' ends.
Upon digestion of the final product, both bands still persisted. Therefore, this method was
therefore abandoned, but this confusing result was further studied.
Fragments from the final product were cloned and sequenced. The shorter fragment was
found to contain the T7 promoter sequence as well as the scaffold adapter sequence truncated by
18 base pairs (data not shown). Therefore, this product appears to be the result of transient
binding of two un-ligated scaffold adapters followed by MmeI digestion across the 2 bp overlap,
resulting in a shortened scaffold adapter that can be ligated to T7 in a subsequent step. Although
the RNA product produced from this template is not likely to be functional, we were able to
eliminate this product by simply increasing the ratio of input DNA to adapter to 2:1.
DNA Ligation and Restriction Digestions Combined into Single Steps
In order to further reduce the total number of steps in our method, we sought to combine
restriction digestion and ligation reactions into single reactions. When the scaffold adapter is
ligated onto the digested DNA fragments, only the overhang must match, which means that the
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restriction enzyme binding site can be destroyed during the ligation if the double stranded region
has a base pair change.
Unfortunately, the MspI and MmeI restriction sites overlap in such a way that the single
base pair change cannot be made. However, it has been shown that the binding site of MmeI can
be modified (Morgan and Luyten, 2009). It has been difficult to engineer most type II restriction
enzymes to cut at different sequences because the binding domain of these enzymes is physically
located in the same space as the endonuclease domain, so they depend on each other for
maintaining the structure and function of the enzyme. However, because the DNA binding
domain and the endonuclease domain of type IIS restriction enzymes such as MmeI are separate,
some of the amino acids in the binding domain have been engineered to recognize other DNA
sequences.
We replaced the standard MmeI enzyme with an engineered version of MmeI that binds
to guanine instead of cytosine in the sixth position, TCCRAG instead of TCCRAC (Morgan and
Luyten, 2009), which allowed the corresponding change to be made in the scaffold adapter
sequence. However, in order to combine the first digestion and ligation step into a single step,
the enzyme must work in the same buffer. To increase the ligation speed and efficiency, high
concentrations of ATP and 7.5% polyethylene glycol (PEG) were used in the ligation steps as a
macromolecular crowding reagent. The activity of some enzymes are enhanced if PEG is
included in the reaction buffer, but the activity of others are inhibited. We tested the activity of
MspI (HpaII) to determine if it is affected by having PEG in the buffer and found that the activity
of MspI is not affected by PEG. Thus, the digestion of input DNA and ligation of the scaffold
adapter can be carried out simultaneously. We used this shortened process to create a small
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library. In vitro digestion of a DNA fragment with Cas9 in complex with this sgRNA showed the
specificity and endonuclease activity of Cas9 was retained (data not shown).
We also tested the activity of MmeI in buffer that contained 7.5% PEG in order to be able
to combine the second digestion and ligation steps in a similar manner. Unfortunately, the
activity of MmeI was reduced. It might be possible to titrate the amount of PEG to a point where
the activity of both enzymes are sufficiently active and thus allow the combination of these two
steps.
Finally, it is theoretically possible to combine all four steps into a single reaction. This is
because each of the steps must occur in the forward direction. In the first step, the DNA can be
digested with the HpaII. If the DNA is re-ligated to itself or other digested DNA, it will be
digested again. However, if it is ligated to an adapter, it will not be digested because the binding
site is destroyed. A similar process happens during the subsequent MmeI digestion and T7
ligation. Although the binding site for MmeI cannot be destroyed, when it cleaves, it methylates
the A in the second position, preventing MmeI from cutting again at that site, and therefore will
not be able to cut off the T7 adapter after it has been ligated. Therefore, the first four steps could
be combined to reduce the number of step to two or even one step, although we have not yet
tested these possibilities.
Construction of sgRNA Libraries
Single Gene sgRNA Library
As a proof of concept, we carried out the enzymatic process on a 200 bp fragment of the
first exon of the pigment gene known as tyrosinase (TYR) in zebrafish (Jao et al., 2013). This
resulted in a small library consisting of two sgRNAs (Figure 4). In vitro digestion of the 200 bp
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DNA fragment with Cas9 and this small library showed the specificity and endonuclease activity
of Cas9 was retained. Injecting the library and Cas9 into zebrafish embryos at the single cell
stage resulted in the loss of pigment in the developing embryos (Figure 4).
E.coli Genomic DNA Library
In order to demonstrate the robustness of our method and provide a standard for
comparison, we created an sgRNA library using E. coli MG1655 genomic DNA as a substrate
for our method. Genomic DNA was isolated using the Mobio bacterial DNA isolation kit (now
from Qiagen). The final library was sequenced on a HiSeq 2500 with the addition of PhiX DNA
and reads were analyzed using custom R scripts. First, reads were scanned to identify and extract
the protospacer regions. As the sequencing reads were 50 basepairs, approximately half of the
reads sequenced the sgRNA scaffold, and were thus discarded. Extracted protospacers were then
aligned to the E. coli genome and coverage of predicted sites assessed. Results showed near
complete coverage of expected sites (91.6%) and a highly pure library with 98.3% of reads
targeting valid sites (Figure 5). Representation of each individual sgRNA in the library was also
normally distributed with a tight standard deviation. This data was also compared to an E. coli
library generated using the more complex Lane et al. method (Lane et al, 2015). Although
ambiguities in their methods section preclude a true comparison, the library using this method
appears to be far more complete (91.6% vs. 48.5%), pure (98.3% vs. 44%), and evenly
distributed across target sites. Thus, simplification of the process not only decreased the time and
materials required, but also improved library quality.
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Figure 4: A Simple Library Targeting the Tyr Gene. A 200 bp fragment corresponding to a
region of exon 1 in the tyrosinase gene (tyr) was amplified using PCR. This fragment was then
used as an input to enzymatically generate 2 sgRNAs that target sequences adjacent to the single
HpaII. RNA was transcribed and an in vitro test cut was performed to verify cutting ability.
Finally the sgRNA was incubated with Cas9 in a 300 mM KCl solution and injected into
zebrafish embryos at the single cell stage. At 48 hpf fish with mosaic pigment and close to no
pigment were observed.

Normalized Heart cDNA Library
To create an sgRNA library that could be used in a forward genetic screen for heart
defects in the zebrafish, we first isolated mRNA from the developing zebrafish heart at 48 hours
post-fertilization, corresponding to heart looping morphogenesis, using previously established
methods. Therefore, this library should target all of, and only, genes expressed in the developing
heart at this specific time point. The mRNA was then converted into cDNA using the SMART
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cDNA Library construction Kit (Clontech). Because the original adapter for the kit included an
MspI binding site a new one was designed that did not include this site. The cDNA was then
normalized using the Trimmer 2 cDNA normalization kit (Evrogen), which uses subtractive
hybridization to create a library containing roughly equal representation of all expressed genes.
Finally, the normalized cDNA was used as a starting substrate in our method and a library
generated using the conditions optimized above.
Analysis of this library was conducted in a similar way to the E. coli genomic DNA. The
library was sequenced in parallel with the E. coli library and the targeting regions were extracted
and aligned to the zebrafish genome (version GRCz11). As sgRNAs in this library were expected
to only target expressed genes, sgRNA targets in the genome were filtered to only contain genes
detected in an RNA-seq dataset previously generated from zebrafish hearts collected at the same
timepoint (Hill et al. 2017). High-throughput sequencing of the library (Figure 5) showed the
library targets at least 10,990 of the genes detected in a heart-specific RNA-seq dataset we have
previously generated (Hill et al. 2017). Representation in the library is also not correlated with
gene expression (data not shown), indicating that normalization was effective. Median read depth
of the detected genes was only 4, so additional sequencing to completely characterize the library
is ongoing, but we are confident that the library represents a complex library that
comprehensively and specifically targets genes expressed in the heart.
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Figure 5: A Complex Library Targeting the E. coli Genome. In order to test the ability of this
method to generate a complex sgRNA libraries, we generated a library from E. coli genomic
DNA. The resulting library was sequenced on an Illumina HiSeq 2500 machine and reads were
aligned to the MG1655 genome. Data analysis shows there is high density coverage across the
genome and HpaII sites observed, demonstrating the ability of this method to generate complex
sgRNA libraries.
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DISCUSSION
We have developed a rapid and efficient enzymatic method to generate sgRNA libraries
from arbitrary DNA substrates. There are only four steps in this method that make it simple and
straight forward to carry out (Figure 1). First, DNA is digested with a restriction enzyme that
recognizes a PAM motif. Second, a compatible, sticky ended adapter that containing an MmeI
binding site and the constant region of the sgRNA, is ligated to the previously digested DNA.
Third, MmeI binds to the adapter and captures the 18-20 bp of DNA upstream of the adapter.
Finally, a second adapter containing the T7 promoter is ligated to the previously digested
fragment.
During this process, the library is constructed on the surface of streptavidin coated
magnetic beads making purification of the library simple. Some of the steps can be combined
into a single step further accelerating the speed of this method. The final library can then be
eluted from the beads using a strand displacing polymerase. Optimization of this method was
carried out on small PCR fragments that allowed for simple, well-defined libraries, making it
easier to test and optimize each step.
Using this method, we have generated small libraries that target individual genes in the
zebrafish as well as complex libraries that target the entire E. coli genome and a library that
targets genes expressed in the developing zebrafish heart. The zebrafish heart sgRNA library is
currently being diluted and amplified in order to conduct a forward genetic screen for
cardiovascular defects in zebrafish. This screen will lead to identification of genes important to
embryonic heart development. Replacing ENU with Cas9 as a mutagen, we will be able to
addresses several weaknesses of classical screening techniques while maintaining the breadth
and unbiased nature of a traditional screen. First, the majority of sgRNAs in the library will
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Figure 6: Schematic of the F0 Forward Genetic Screening Method. Zebrafish heart sgRNA
library is diluted into 384 well plates. Small pools of sgRNAs are amplified using PCR and then
transcribed in vitro. The resulting sgRNA is complexed with Cas9 and injected into fish embryos
at the single cell stage. Pools that give rise to interesting phenotypes can then be sequenced to
identify the gene causing the phenotype.

target coding regions of genes expressed in the heart 48 hours post fertilization (hpf). Second,
because the mutations caused my Cas9 are INDELs, they are more likely to be null mutations.
Third, Cas9 is less toxic to both the fish and lab personnel, increasing safety and fish viability.
It is expected that this method will increase the number of mutants discovered per
mutagenized animal, reducing the resources needed to conduct forward genetic screens and
increasing the speed of gene discovery. Labs utilizing this method will be able to work through
the sgRNA pools at a pace dictated by the resources available or could be completely stopped
and resumed at a later time. This method is also advantageous because there is no need to create
multiple generations for genetic mapping.
The library generated will first be used for an F0 forward genetic screen (Figure 6). F0 screens
seek to identify mutations causing a particular phenotype directly in the mutagenized
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animals, avoiding the multigenerational mating schemes necessary for F2 screens. Somewhat
analogous to the technique we will use is CRISPR/Cas9-based reverse genetic screening, which
has been published previously (Shah et al., 2015). Reverse genetic screening involves the
injection of small sets of individually chosen and synthesized sgRNAs, followed by phenotypic
screening and determination of the sgRNA causing the phenotype. In our screen, we will expand
this concept to a diverse and unbiased screen using small pools of our sgRNA library to screen
for phenotypes in F0 embryos.
The zebrafish heart sgRNA library will be diluted and divided to create pools of
approximately 10 sgRNAs (Figure 6). The appropriate number of pools will be determined from
our library sequencing results, but is expected to be approximately 700 to 800 pools. The dilution
ratio will be calculated after determining the number of nanograms per microliter using the
QuantiFluor dsDNA quantification kit. Each well will then be PCR amplified using primers to
the T7 promoter and scaffold region common to all of the sgRNAs in our library and transcribed
in vitro. The resulting sgRNA from each pool will be used to co-inject approximately 50
myl7:GFP embryos with Cas9 protein and embryos will be screened for several phenotypes.
These fish contain a transgene that expresses GFP in the developing heart, making the
visualization of the development of the heart under a microscope possible. At 48 hpf, zebrafish
hearts are actively undergoing looping, morphogenesis, chamber differentiation, innervation,
initial trabeculation, etc., all of which are likely to be affected in a wide range of CHDs.
Screened phenotypes will include defects in heart looping (absence or reversal), the atrioventricular canal (absence or changed diameter), valve formation (presence of blood
regurgitation), chamber size, and heart contraction (absence or irregularities). All of these
phenotypes are readily seen in the zebrafish embryo under a microscope, allowing rapid
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screening by visual inspection. Time course RNA-seq analysis in our lab has also shown that the
vast majority of genes expressed in the heart tube (30 hpf) are still expressed at 48 hpf, so many
genes involved in early heart differentiation will be included in the library. Therefore, screening
will take place at 24 hpf (linear heart tube), 48 hpf (mid looping), and 72 hpf (post looping and
valve formation).
Pools of sgRNA that result in phenotypes will be sequenced and candidate sgRNAs will
be confirmed by injecting individual sgRNAs from the pool. The number of pools screened per
identified gene will be used to estimate the efficiency of the sgRNA library protocol compared to
previously published ENU screens. An sgRNA targeting the tyrosinase gene will be included in
the pools as a control. Tyrosinase is important to pigment formation (Camp and Lardelli, 2001)
and fish lacking pigment will indicate that the sgRNAs were transcribed and that the injection
was early enough to target most of the cells in the developing embryo. Because heart
morphogenesis in the zebrafish mostly occurs in the first 72 hours of development, the actual
screening is expected to progress very quickly.
We might not achieve high enough cellular penetrance, creating a mosaic disruption of
genes. Instead of using the F0 screening method, we could also use an F2 scheme (Figure 6). It
has been shown that the nos3 3’ UTR can sequester mRNA to the primordial germ cells (PGCs)
where the coding region is translated (Sun et al., 2017). Another group in the lab is currently
constructing a plasmid containing the Cas9 coding region and the nos3 3’ UTR. This will allow
us to use Cas9 to make mutations which occur only in the germ cells. By expressing Cas9 solely
in the germ line, we will be able to create a high genetic load without killing the embryos. Then
we can carry out a traditional screen. Mutations can then be quickly mapped in F2 fish using the
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MMAPPR pipeline (Hill et al., 2013). Using this program will eliminate the need to do multiple
crosses to map mutations.
Some genes essential for heart development have pleiotropic effects in the embryo that
mask cardiac phenotypes or cause early embryonic lethality. This obstacle cannot be overcome
in classical chemical mutagenesis screens, but can be solved using our CRISPR library method.
Thus, if the initial F0 screen is successful, the method can be modified to conduct a tissuespecific screen. Recently, a simple vector was created for tissue specific gene disruption in
zebrafish (Ablain et al., 2015). Our library could be cloned into a similar plasmid. A heart
specific promoter such as the myl7 promoter (Tu and Chi, 2012) could be used. By switching out
the T7 adapter for a U6 adapter, the library could be cloned using the high-throughput method
called SLIC cloning (Jeong et al., 2012). Plasmids could be grown on plates (Marra et al., 1999)
and injected individually, or grouped and injected in sets and embryos screened for phenotypes
as described above.
There are many potential applications of this sgRNA library generation method beyond
the scope discussed here. For example, this method can be used in cell-culture based screens to
rapidly create focused libraries that are variant and expression profile matched to a particular cell
line. In another potential use, repressor/activator variants of Cas9 can be used to screen by
transcriptional regulation. Or, libraries could be generated from ChIP samples to target specific
transcription factor binding sites or putative enhancers. The method is also applicable to nonscreening uses of Cas9, such as chromosome painting. With the current rapid development of
CRISPR/Cas9-based methods, we expect the need for complex libraries to only increase over
time.
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APPENDICES
Appendix A: Final protocol for enzymatic sgRNA library construction
A Rapid Protocol for Enzymatically Generating sgRNAs
1. Restriction enzyme digestion
x
x
5
1

µl
µl
µl
µl

H20 (up to 50 µl)
Input DNA (> 20 pmol ends)
10x cutsmart buffer
enzyme

HpaII - Incubate at 37°C for 20 min, 80°C for 20 min
ScrFI - Incubate at 37°C for 20 min, 65°C for 20 min (previously time saver qualified)
BsaJI - Incubate at 60°C for 60 min, 80°C for 20 min
2. Scaffold adapter ligation, add the following:
2 µl
1 µl
7 µl
1 µl
10 µl
-

10x cutsmart buffer
10 µM scaffold adapter (10 pmol)
10 mM ATP
T4 DNA Ligase (high concentration)
50% PEG 6000

Incubate at room temperature for 20 minutes.
Resuspend capture beads in the previous ligation step (70 µl).
Rotate at 20°C for 15 minutes.
Wash twice and place in a new tube.

3. MmeI digestion, resuspend beads in:
43 µl
5 µl
1 µl
1 µl

H20
10x Cutsmart buffer
2.5 mM SAM
MmeI

- Incubate at 37°C for 30 minutes.
- Wash twice and place in a new tube.
4. T7 adapter ligation, resuspend beads in:
29 µl
5 µl
3 µl
5 µl
1 µl
7 µl

H20
10x Cutsmart buffer
10 uM T7 adapter (30 pmol)
10 mM ATP
T4 Ligase (high concentration)
50% PEG 6000

- Incubate at room temperature for 20 minutes.
- Wash twice and place in a new tube.
5. Bst elution and nick repair, resuspend beads in:
43 µl
5 µl
1 µl
1 µl

H20
10x Cutsmart buffer
10 mM dNTPs
Bst 3.0 polymerase

- Incubate at 45°C for 15 minutes.
- Collect buffer and column purify
- Phusion PCR 50 ng template - [98°C, 64°C for 10 seconds each] x 30
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Appendix B: Preparation of Library Generation Reagents
Preparation of Library Generation Reagents
Capture bead preparation (100 pmol capture)
Aliquot 50 µl of streptavidin magnetic beads into a 1.5 mL microcentrifuge tube.
Wash twice and Resuspend in 100 pmol biotinylated oligo.
17 µl
2 µl
1 µl

H20
10x cutsmart buffer
biotinylated oligo (100 µM)

- Incubate at 20°C for 15 minutes.
- Add 30 µl of 1x cutsmart buffer.
- Wash twice and place in a new tube.
To wash beads: apply magnet, discard supernatant, resuspend in 50 µl of 1x cutsmart
buffer by gently pipetting, apply magnet, discard supernatant, resuspend 50 µl of 1x
cutsmart buffer.
Adapter preparation (10 µM)
35 µl
5 ul
5 ul
5 ul

H20
10x cutsmart buffer
Top oligo (100 uM)
Bottom oligo (100 uM)

- Hybridize oligos
98°C
98°C to 68°C
68°C to 8°C
8°C

2 minutes
1 hour (ramp)
30 minutes (ramp)
hold

try # 2
98°C
85°C to 65°C
65°C to 5°C
8°C

2 minutes
1 hour (ramp)
30 minutes (ramp)
hold

PEG 6000 (50% w/v)
25 g
27 mL

PEG 6000
Nuclease Free H20 (up to 50 mL)

- heat at 50°C and stir with stir bar
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